Ultrafast reversible phase change in GeSb films for erasable optica storage C. N. Afonso, J. Solis, and F. Catalina Amorphous-to-crystalline and crystalline-to-amorphous transformations are triggered in GeSb thin films by irradiation with femtosecond and picosecond laser pulses. Phase changes are accompanied with optical contrast and therefore the feasibility of phase-change optical recording at ultrafast rates is demonstrated for the first time. The phase reversal by ultrashort pulses seems to be related to the dependence of the degree of undercooling prior to solidification on the irradiation energy density.
Although magneto-optical recording has become the most mature technology for optical storage,lp2 phasechange optical recording has several attributes which make it a very promising technology. It is an all-optical disk system which involves a simpler optical head, making the disks interchangeable with write-once optical disks. The phase-change optical contrast signal is very high and single-beam overwriting3 is possible. The most significant drawback with phase-change materials is the demand for materials with high-speed crystallization which retain their long-term room-temperature stability. Crystallization has to be achieved with laser pulses of tenths of nanoseconds or even subnanosecond laser pulses.274 Current trends in research of new media aiming to decrease the crystallization time have involved Sb alloys, i.e., GaSb,4>5 InSb,s*6 GeTeSb,' or InSbTe* films. However, fast crystallizing materials with crystallization times close to 10 ns have been confined to write-once applications.5 There is therefore a real need to investigate phase transformations triggered by subnanosecond pulses. To our knowledge no experimental attempts have been done up to date to induce crystallization or amorphization in fast crystallizing materials by means of subnanosecond laser pulses.
The aim of this letter is to demonstrate for the first time that phase reversal (amorphization) can be achieved in fast crystallizing materials with femtosecond and picosecond laser pulses. It also aims to investigate the existence of subnanosecond triggered ultrafast crystallization phenomena.
The samples are either amorphous or polycrystalline Gec.iSbc.a thin films on carbon-coated mica, which is a very suitable substrate to prepare samples for transmission electron microscopy (TEM) studies. The amorphous films [ Fig. 1 (a) ] are obtained directly by dc magnetron sputtering in a multitarget system. The crystalline films are obtained by UV laser irradiation of the as-grown amorphous films with 12 ns (FWHM) pulses from an ArF excimer laser (A= 193 nm) with an energy density of 56 mJ/cm". It is found that Gee,Sb,, films can be crystallized through a melting-rapid solidification process and the optical contrast between the amorphous and the crystalline phases is z 15%-20%. Further details of both film growth and crys-FIG. 1. TEM images and SAD patterns of the amorphous (as-grown) material (A) and the crystalline material (B,C) obtained after irradiating the as-grown material with a single 12 ns, 56 mJ/cm' pulse from an ArF excimer laser, with (C) a magnification of (B).
FIG. 2.
Optical image (A) of the amorphous (as-grown) material (region I), the crystalline material obtained after irradiation with a 12 ns, 56 mJ/cm' pulse (region 2). and the material obtained after irradiation with a 500 fs, 15 mJ/cm' pulse (region 3). The optical image shown in (B) corresponds to a magnification of the area in (A), which is within the rectangle.
tallization kinetics under nanosecond pulses can be found elsewhere. ' Both amorphous and crystallized films are then irradiated with 500 fs and 5 ps (FWHM) laser pulses at 248 nm. They are obtained from a frequency-doubled distributed feedback dye laser seed pulse in a two-pass amplification through a KrF amplifier cavity. In the case of the crystalline material, the ps/fs laser beam is located at the center of each nanosecond pulse-irradiated area, being partially focused to an area of z 1 mm2. The average energy density is varied from 9 to 40 mJ/cm', and for values higher than 10 mJ/cm' the crystalline material is optically transformed, as can be seen in Fig. 2 . The present area irradiated with fs pulses [region 3), bright, dark, and white (ablated) regions. This optical image clearly shows the existence of a quasi-periodic inhomogeneity in the spatial profile of the fs pulse (also ps pulse) due to the existence or diffraction effects in the KrF amplifier cavity.
The reflectivity and transmission of the fs (ps) irradiated areas are determined by scanning an optical probe (4 r(Lm FWHM, /z=632.8 nm) along them. The results show that the optical contrast (in Fig. 2 ) between the bright and dark regions in region 3 is similar to that between the amorphous as-deposited material (region I) and the ns pulse crystallized material (region 2). This suggests that both amorphous and crystalline phases have been most probably formed during fs (and ps) pulse irradiation and proves that the crystallization process can be reversed with subnanosecond pulses at least from the point of view of optical contrast. 
(B) and SAD patterns of dark (B) and bright (C) areas in (A). (D) is a high-magnification TEM image of the region within the square in (A).
TEM images in Fig. 3 show that those areas which were bright in the optical images are now dark, except the ablated regions which are white in both images. The SAD patterns show that dark areas are amorphous whereas bright ones are crystalline in agreement with what was deduced from the optical contrast measurements. The border of the ablated regions (where the highest peak temperatures are reached) are crystalline [ Fig. 2(D) ].
The comparison of the optical micrographs obtained by increasing the average energy density when irradiating with fs pulses together with what is shown in Fig. 3(D) allow us to conclude that those crystalline regions inside the fs spot have been exposed to higher-energy densities than the amorphous regions. Therefore, these regions have melted as a consequence of the fs irradiation but have crystallized instead of reamorphizing upon solidification. Figure 4 shows TEM images of both initially crystalline and initially amorphous materials after irradiation with a fs pulse. It can be seen that crystalline material can be directly obtained from an amorphous material under fs pulse irradiation and provides further demonstration that crystallization can be triggered by ultrashort laser pulses. No significant differences are observed between the crystals obtained in the two cases [Figs. 4(B) and 4(D)] and those obtained under ns laser pulse irradiation [ Fig. 1 (C) l. Although the results described here in detail were obtained with fs pulses, the same results and conclusions are achieved under irradiation with ps pulses.
Let us finally analyze the physical processes which may be responsible for this ultrafast triggered phase changes. The real-time reflectivity transients obtained during the nanosecond-induced crystallization of GeSb films9 show that crystallization is produced at quenching rates s 10' K/s. The quenching rates expected" for irradiation with fs and ps are in both cases ;51012 K/s and therefore the formation of amorphous phases may be expected. Nevertheless the undercooling achieved prior to solidification is another important factor involved in the formation of amorphous phases by rapid solidification processes. l1 Experimental evidence of the influence of the energy density on the undercooling achieved when irradiating thin-film materials on poor thermal conducting substrates has been already provided.12*'3 When the energy deposition is large enough, the substrate can be effectively heated. The thermal gradient along the surface normal is then reduced and solidification occurs at higher temperatures (undercooling decreases). A clear example of this reasoning is provided by the comparison of the crystalline microstructures induced by irradiation with fs pig. 4(D)] and ns [ Fig. 1 (C) 'J pulses on the amorphous as-deposited material. Both types of microstructures are essentially the same, indicating that solidification has occurred at similar temperatures in spite of the expected differences of cooling rate. As a general conclusion, the results obtained show that irradiation of Gec.,Sb,,s thin films with 500 fs and 5 ps laser pulses yield the formation of either a high-reflectivity crystalline phase or a low-reflectivity amorphous phase depending on the pulse energy density and independent to the initial phase in the GeSb film. The physical explanation for this effect is the dependence of the degree of undercooling achieved prior to solidification on the irradiation energy density. The feasibility of phase-change reversible optical recording using subnanosecond pulses is therefore demonstrated.
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